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Experimental Investigations of Graded Sediment Transport                  
under Unsteady Flow Hydrographs 
 
Abstract 
Natural fluvial channels can experience significant variations in sediment transport rates 
under unsteady flow conditions, especially during flood hydrograph events. At present, 
however, there is a distinct lack of understanding of the interaction between unsteady 
hydrograph flow properties and temporal variability in graded sediment transport rates. In the 
current study, a series of parametric experiments was conducted to investigate the response of 
two graded sediment beds to a range of different unsteady hydrograph flow conditions. 
Investigations of the total and fractional bed-load sediment transport rates revealed strong 
temporal variations in transport over the hydrographs, with size-dependent temporal lag 
effects observed between peak flow conditions and peak bed-load transport rates. 
Specifically, coarse gravels had increased mobility during the rising limb of the hydrographs, 
attaining their peak bed-load transport rate either prior to, or near, peak flow conditions. By 
contrast, the finer grades tended to have enhanced mobility during the receding limb of the 
hydrographs, with peak transport rates measured after peak flow conditions had passed. Grain 
size distributions measured from the collected bed-load samples also indicated material 
coarsening over the rising limb and fining during the receding limb, while corresponding 
image analysis measurements of bed surface composition showed only marginal variation 
over the hydrographs. Computation of total and fractional sediment yields revealed that the 
bimodal sediment mixture tested was transported at significantly higher rates than the uni-
modal mixture over all hydrograph conditions tested. This finding indicated that the uni-
modal sediment bed was inherently more stable than the bimodal bed due to the increased 
abundance of medium-sized gravels present in the uni-modal sediment grade. The parametric 
dependences established in the study have clear implications for improved understanding of 
fractional inter-granular effects at the bed surface and their influence on graded sediment 
transport processes within natural fluvial channels under flood flow hydrographs.  
 
Keywords: Graded sediments, bed-load transport, unsteady flow hydrographs, temporal lag, 
fractional mobility. 
 
1. Introduction 
Within natural fluvial systems, unsteady flood flow hydrographs and graded sediment 
transport are known to be inherently linked, with the occurrence of annual bulk sediment 
transport generally concentrated during flood events (e.g., Phillips and Sutherland., 1990; 
Berta et al., 2010). Investigations of bed-load transport under such unsteady flow conditions 
began in the 1980s with much attention initially focused on field observations. Unfortunately, 
accurate measurements of sediment transport rates during high flow conditions are extremely 
difficult to obtain (e.g., Graf and Qu, 2004; Mao, 2012) and, thus, laboratory experiments 
have become increasingly important in the attempt to understand the dominant physical 
interactions between unsteady flow hydrographs and bed-load sediment transport. However, 
the majority of these investigations have adopted idealized representations of the flood 
hydrograph conditions, either by modelling temporal variability in flow rates through a series 
of incremental steady-state flows (e.g., Parker et al., 2007; Piedra, 2010) or through the 
selection of a constant rate of change of flow rate during the rising and receding hydrograph 
limbs (i.e. specification of triangular or trapezoidal-shaped hydrographs) (e.g., Lee et al., 
2004; Bombar et al., 2011). Thus, none of these experimental configurations have, to-date, 
represented fully the strong temporal variability associated with naturally-shaped flood 
hydrographs or revealed the underlying time-dependent mechanisms associated with the 
response of graded sediment beds to these changing flow conditions. For the wide grain size 
ranges typically encountered in natural river beds (i.e. fine sands to coarse gravels), this has 
meant that knowledge of graded sediment transport during flood events has remained limited.  
 
Noticeable temporal lag effects between measured peak bed-load transport rates and peak 
unsteady flow conditions have been widely reported to arise from the interaction and 
response of graded sediments to time-varying hydraulic parameters at the bed surface. 
Experiments by Griffiths (1976) and Bell (1980) revealed that temporal lag effects for bed-
load transport occurred under flood waves. Similarly, Phillips and Sutherland (1990) related 
the inertial response of alluvial systems to varying flow conditions to formulate a temporal 
lag model. More recently, experimental observations by Bombar et al. (2011) indicated that 
the average time lag between the peak flow and maximum bed-load transport rate varied 
depending on the shape of the idealized hydrograph tested (i.e. triangular- and trapezoidal-
shaped hydrographs). As yet, however, there remains no detailed study into graded sediment 
transport under natural-shaped, flood hydrographs and, consequently, knowledge of the 
interactions between different size classes within sediment beds, and their relative abundance 
in bed-load transport at different periods during the hydrograph also remains unclear. 
 
A number of non-dimensional parameters have been introduced to characterize the unsteady 
properties of flow hydrographs (e.g. Graf and Suszka, 1985; Yen and Lee, 1995). However, 
the individual and combined effect of these parameters on bed-load sediment transport yields 
has not, as yet, been studied in a systematic manner over a range of hydrograph conditions. 
Within the current study, a series of parametric experiments, was therefore, conducted to 
investigate systematically the temporal variability of graded bed-load sediment transport 
processes and bed surface composition associated with the passage of such flow hydrographs.  
 2. Experimental Arrangement 
2.1 Flume Set-up and Procedure 
The experimental studies were performed in an 8 m long, 0.3 m wide, and 0.3 m deep flow-
recirculating flume set at a constant bed slope of 0.0083 (1:120) (see Figure 1). The flume 
was equipped with a computer-controlled pump invertor capable of producing controlled, 
unsteady flow conditions within the channel with flow rates up to 20 l s
-1
. These flows were 
measured in the delivery pipe by a non-intrusive ultrasonic flow meter to an accuracy of 
0.01 l s-1. This automated unsteady flow system was utilized to generate different natural-
shaped hydrograph flow profiles with different magnitudes and shape characteristics along 
the flume channel. 
 
The initial bed configuration within the channel consisted of an erodible, graded sediment 
layer of uniform thickness ~8 cm, placed along the full working length of the flume channel. 
This bed layer was scraped flat using a screed board, which ran along the full length of the 
flume on two parallel carriage rails. Measurements of the initial bed surface elevation were 
taken with an electronic pointer gauge (to 1 mm accuracy) to ensure the required slope, S0, 
was achieved. It should also be noted that no sediment feed was introduced at the upstream 
end of the flume during any of the tests. 
 
Prior to each test, the downstream tailgate was fully raised and water levels within the sump 
tanks checked. The flow-recirculation pump was then switched on and set to an initially low 
flow rate to ensure minimal disturbance of the bed surface structure during the initial wetting 
stage. Once the sediment bed was fully submerged, the flow rate was programmed to increase 
gradually to an established sub-threshold, antecedent (base) flow condition (Q0 = 8 l s
-1
). 
During the establishment of antecedent flow, the flume tailgate was lowered to a predefined 
position to diminish backwater effects and develop steady, uniform flow conditions along the 
channel. The water surface elevation was measured and checked by the electronic pointer 
gauge along the flume working section to ensure uniform flow conditions were indeed 
achieved. This base flow condition was designed to rework the graded sediment mixtures in 
the test section (i.e. upstream of the sediment trap) for an extended period of up to 1 hour, 
without mobilizing the bed layer, to ensure that all experimental runs were conducted under 
consistent initial bed conditions.  
 
Following the period of antecedent flow, the computer-controlled frequency inverter was 
programmed to smoothly adjust the pump speed and, hence, achieve the required temporally-
varying flow profiles for the range of design hydrographs tested. During these unsteady flow 
conditions, temporal variations in the water surface elevation were measured at 10 minute 
intervals along the working section by the electronic pointer gauge. Although the tailgate was 
not adjusted during this unsteady period, flow conditions were typically found to be near-
uniform during the hydrographs, with only small variations in water surface elevations (up to 
a few mm) in most cases and measured water surface slopes, Sf   S0. Additionally, as the rate 
of change in flow rate dQ/dt was relatively low for all design hydrographs tested, any spatial 
variations in these measured water surface elevations along the channel due directly to the 
flow unsteadiness were deemed negligible.  
 
These findings were confirmed through calculations of the global bed shear stress, which was 
predicted for the steady, uniform flow base flow conditions by the equation (Shvidchenko 
and Pender, 2000; Shvidchenko et al.,2001): 
0f bgR S   (1) 
where f is the fluid density, g is the acceleration due to gravity and Rb is the hydraulic radius 
of the bed. Corresponding shear stresses during the unsteady flow hydrographs were 
predicted by a new method based on the Saint-Venant equations (Ghimire and Deng, 2012), 
i.e:  
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where  [= 1/(BCw
2
)] is a parameter relating the flood hydrograph slope with shear stress  
during unsteady flow [in which B is the channel width, Cw = (gh)
1/2
 is the average wave 
celerity and h is the flow depth]; Q is the flow rate and t is the time. Thus, for mildly 
unsteady flows (dQ/dt  0), Eq. (2) becomes equivalent to the shear stress for steady, 
uniform flow conditions (i.e. when water surface slope Sf = S0). In the current study, this was 
indeed found to be the case (i.e. Sf  S0) and predictions from both Eqs. 1 and 2 were found to 
be in close agreement for the range of unsteady flow hydrograph conditions considered [with 
 = 4.25 – 7.39 (m-3 s2) and dQ/dt ~ O(10)-6 (m3 s-2), typically]. 
 
2.2 Bed Sediment Properties 
In order to create the design sediment mixtures for the current tests, natural sands and gravels 
ranging from d = 1 mm to 16 mm were sieved into eight individual size fractions. These 
fractions were combined in required proportions to generate two distinct sediment mixtures, 
both having the same median size, d50 = 5.0 mm, and geometric standard deviation, g = 
1.89, but with uni-modal (UM) and bimodal (BM) particle size distributions (see Figure 2). A 
summary of the main percentile sizes for these design sediment mixtures is also given in 
Table 1. 
 
The study also employed a classification system proposed by Frey et al. (2003), whereby the 
graded sediments were split into three classes (i.e. fine, medium, and coarse) depending on 
grain diameter. This was done to aid description and analysis of the fractional composition of 
bed-load transport generated under the unsteady flow hydrographs. The grain sizes for these 
defined size classes were the same for both the UM and BM sediment mixtures (see Table 1), 
while the relative proportions of these fine, medium and coarse size classes in the undisturbed 
test bed sediment layers were (i) UM grade: 29, 41.2, and 29.8%, respectively, and (ii) BM 
grade: 38.9, 22.3, and 38.8%, respectively. 
 
2.3 Experimental Measurements 
Bed-load sediment transport was measured within the channel using a demountable sediment 
trap located at the end of the test bed section, 2.5 m from the downstream end of the flume 
(see Figure 1). Bed-load sediment samples were collected in the trap at 10 minute intervals 
over the duration of the hydrographs. This sampling period was considered sufficiently long 
to reduce variability associated with individual sediment flux measurement (i.e. by averaging 
out larger transport fluctuations that occur during the sampling period). The sediment trap 
itself consisted of inter-changeable transparent Perspex sediment collection boxes (370 mm-
long by 150 mm-wide by 30 mm-deep), an isolation valve, two bleed valves and a jack (see 
Figure 3). A small upper Perspex box was also positioned and fixed above the slot such that it 
was flush with the bed surface layer of the erodible sediment. Prior to the start of the bed-load 
measurements, one of the sediment collection boxes was positioned beneath the slot cut in the 
flume bed and jacked up firmly against the isolation valve, providing a seal against the 
neoprene rim. The collection box was then filled with water (via the water injection valve), 
with bleed valves used to eliminate air bubbles from the trap system prior to opening of the 
isolation valve. During the subsequent 10 minute bed-load measurement period, transported 
sediment samples accumulated in the collection box. At the end of this period, the collection 
box was again isolated from the upper trap section by closure of the valve before being 
removed and replaced by the second collection box for the subsequent bed-load measurement 
period. Individual sediment samples collected from the boxes were subsequently dried in an 
oven, weighed, and sieved to obtain time-averaged total, qb, and fractional, qbi, bed-load 
transport rates for each 10 minute bed-load sampling period.  
 
Temporal changes in the bed surface composition were also monitored at equivalent 10 
minute intervals throughout each hydrograph using a vertically-mounted digital camera and 
Perspex window arrangement that allowed the bed to be visualized through the water surface. 
In this way, high-resolution images of the sediment bed surface were obtained at a bed 
location adjacent to the sediment trap for particle size analysis using the Sedimetrics Digital 
Gravelometer software package (Graham et al., 2005) (see example images in Figure 4). The 
bed section used for this visualization technique was located 0.5 m upstream of the sediment 
trap (Figure 1). In utilizing this technique, accurate measurements of bed surface grain size 
distributions relied on selection of an appropriate bed imaging size, based on the camera 
resolution (18 MP) and smallest grain size (1 mm). The selected bed image size (0.2 m × 0.15 
m) resulted in an overall image pixel resolution of 1 pixel  40 m, which was significantly 
finer than the smallest grain size (di = 1 mm). In addition, it was anticipated that measuring 
bed surface composition over a relatively large bed area (relative to the required resolution) 
would limit variability in surface composition measurements that might have been generated 
for a smaller bed area. Calibration of the bed imaging technique was conducted under static 
bed conditions by comparing grain size distributions obtained from high-resolution images of 
both UM and BM sediment mixtures with corresponding distributions obtained by carefully 
sampling of the bed surface layer (i.e. collection, drying, sieving, and weighing). Figure 5 
shows that these grain size distributions are in reasonable agreement, although the bed 
imaging technique was found to typically over-predict the proportion of finer sediments in 
the bed surface layer, and, thus, under-predicting the medium to coarse size fractions, 
compared with the direct sampling measurements. However, this discrepancy may also have 
resulted from the loss of a proportion of the finer fractions during the direct sampling 
procedure. It is interesting to note that the measured grain size distributions at the bed surface 
are typically coarser (i.e. ds50 = 7 – 8 mm, Figure 5, where s denotes the surface sediment) 
than the respective UM and BM sediment mixtures (i.e. d50 = 5 mm, Figure 2). This bed 
surface coarsening effect is discussed in greater detail in Section 4.1 of the paper.  
 
2.4 Design Hydrographs 
Two sets of design hydrographs (i.e. HY1_1 and HY1_2, Figures 6a and 6b and Table 2) 
were tested during the flume experiments. The first set (Figure 6a) had the same fixed overall 
duration (Th = 7200 s) and total hydrograph water volume (Vh = 39.26 m
3
, excluding base 
flow), but varying rising and receding limb profiles to test the parametric influence of 
hydrograph shape on the fractional bed-load transport response. Specifically, HY1_1a 
considered symmetrical conditions with equal duration rising and receding limbs, while 
HY1_1b and HY1_1c represented asymmetric conditions with relatively shorter and longer 
duration rising limbs, respectively, compared to the receding limb durations (i.e. shorter and 
longer time to peak flow). In addition, an equivalent-volume steady flow condition (see ES in 
Figure 6a and Table 2) was also tested over the same duration (7200 s) to highlight the 
difference in sediment transport yields obtained under the unsteady flow hydrographs and 
equivalent, steady flow conditions. The second set of hydrographs tested (i.e. HY1_2, Figure 
6b and Table 2) were all symmetrical, but had variable overall water volumes (Vh = 27.8  
39.26 m
3
), peak flow magnitudes (Qpeak = 14  18 l s
-1
), and overall durations (Th = 7200  
8460 s) to determine the influence of hydrograph magnitude and unsteadiness on the 
fractional bed-load transport response. 
 
Continuous monitoring of the actual flow rate entering the flume channel by the ultrasonic 
flow meter attached to the upstream supply pipe indicated slight deviations from these design 
hydrograph flow conditions. However, the measured standard deviations of up to 0.178 l s
-1
 
(i.e. approximately 2.2 % of the base flow conditions) were deemed negligible.   
 
3 Scaling Considerations 
In order to permit direct comparison of results from both experimental series, the discharge, 
length, and velocity scales associated with the initial, antecedent flow conditions (i.e. flow 
rate, Q0, flow depth, h0, and average flow velocity, u0) were used, along with channel width, 
B, and sediment properties (i.e. density, s, and representative median, d50, and fractional, di, 
grain sizes) to non-dimensionalize the experimental time scale, t, unsteady flow rates, Q, and 
total and fractional bed-load sediment transport rates, qb, and, qbi, respectively, such that: 
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where s = s/f is submerged speciﬁc gravity of sediment. Note that in Eq. 3(c), individual 
db50 values were calculated for each trapped bed-load sample collected during the runs, while 
corresponding proportions fi for the specific size fractions, i, in the bed surface layer were 
measured visually (using Sedimetrics) during the same sample periods (e.g. Parker, 1990). 
These values of db50 and fi, thus, allow the non-dimensional transport rates, qb
*
 and qbi
*
, [Eq. 
3(c)] to be localized in time, relevant to specific particle size distributions of individual 
collected trap samples, as well as the corresponding instantaneous bed surface composition. 
 
Based on previous studies (e.g., Lee et al., 2004; Graf and Qu, 2004; Bombar et al., 2011), 
specific unsteady flow characteristics expected to have significant influence on bed-load 
sediment transport and bed surface composition include (i) the hydrograph unsteadiness (or 
flashiness), (ii) the overall volume (or magnitude) of the hydrograph, and (iii) the hydrograph 
shape. Thus, for wider investigation of these parametric influences, it is required to develop 
appropriate non-dimensional parameters describing these unsteady flow characteristics and 
the resulting response of the sediment bed. The independent variables in the problem can be 
subdivided (Lee et al., 2004) into: (i) fluid properties (i.e. dynamic viscosity, , and density, 
f); (ii) channel geometry (i.e. width, B, and slope, S0); (iii) sediment properties (i.e. density, 
s, and representative grain size, d); (iv) hydraulic flow characteristics [i.e. depth, h, shear 
velocity, u*, and discharge volume under the hydrograph, Vh (excluding the base flow)]; and 
(v) time (i.e. hydrograph duration, Th). Thus, a dimensional functional relationship can be 
written for the overall sediment transport yield, Wt (kg), over the hydrograph duration in the 
form: 
 0 *, , , , , , , , , , , ,t f s h h r fW f B S g d h u V T T T    (4) 
where Tr and Tf are the respective durations of the rising and receding hydrograph limbs (i.e. 
Th = Tr + Tf). Clearly, the parameters h and u* are time dependent, but within the context of 
the total sediment yield, Wt, over the duration of the hydrograph, it might be expected that a 
reference or integral value for both these parameters be adopted in Eq. (4). If it is assumed 
that fluid properties, channel geometry, and sediment density remain unchanged during the 
study, an appropriate non-dimensional functional relationship can be derived from 
dimensional analysis considerations such that: 
2
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where Wt
*
 is the normalized sediment transport yield over the hydrograph duration. 
Following Bombar et al. (2011), the non-dimensional total and fractional sediment transport 
yields (Wt
*
 and Wt,i
*
, respectively) can be defined as: 
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where Wt,i is the fractional transport yield (kg) over the hydrograph duration; b is the 
sediment trap width (< B); d50 is the median grain size of the original sediment mix; and di is 
the representative grain size of individual size fractions. In relation to the general parametric 
relationship given by Eq. (5), the first non-dimensional parameter on the right hand side 
describes the influence of flow depth over the hydrograph duration, the second parameter 
describes the effect of overall hydrograph volume, and the third is a time ratio to account for 
the relative duration of the rising and receding hydrograph limbs (i.e. hydrograph shape). 
Graf and Suszka (1985) used the change in water surface elevation, H, to define hydrograph 
flashiness through the derivation of an unsteadiness parameter, i.e.  
*0
1
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h
H
u T

   (7) 
This unsteadiness parameter is, thus, equivalent to the first non-dimensional group in brackets 
in Eq. (5) when h is substituted by H [i.e. representing the difference in water depths (hp – 
h0) between the peak, Qpeak, and base, Q0, flows, respectively], and u* = u*0 [i.e. where u*0 is 
the bed shear velocity under base (antecedent) flow conditions]. 
 
Similarly, a total water work, Wk, parameter has been previously proposed (Yen and Lee, 
1995) to represent the influence of the total water volume discharged during individual 
hydrograph events on bed-load sediment transport, i.e. 
2*0
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Again, this parameter is equivalent to the second non-dimensional group in Eq. (3), when 
flow depth, h = h0, and shear velocity, u* = u*0, [i.e. for base (antecedent) flow conditions]. 
The water work parameter, Wk, was subsequently adopted by Lee et al. (2004) and Bombar et 
al. (2011) to describe the influence of the total discharged water volume (of unsteady flows) 
on bed-load sediment yields for idealized triangular and trapezoidal hydrographs. It is worth 
noting at this stage that HG and Wk are independent variables as different hydrographs with 
the same HG value (i.e. fixed H/Th ratios) may have different Wk values (i.e. variable Vh 
values) and vice versa. Hence, it is possible to rewrite the general functional relationship of 
Eq. (5) as follows: 
 * , ,t HG kW f W    (9) 
where  = Tr/Tf is defined as a hydrograph asymmetry parameter. Hence, when  = 1.0, the 
hydrograph is symmetrical in shape (i.e. Tr = Tf), while  > 1 and  < 1 represent 
unsymmetrical (skewed) hydrographs with relatively longer and shorter rising limb durations 
(i.e. longer and shorter times to peak flow), respectively. The calculated unsteadiness, HG, 
total water work, Wk, and asymmetry, , parameter ranges for all design hydrographs tested 
are listed in Table 2.  
 
4 Experimental Results 
4.1 Temporal Variation in Bed Surface Properties 
As indicated previously, bed surface layer composition was measured during the unsteady 
flow hydrographs using the Sedimetrics bed imaging technique. Temporal changes to the 
median grain size, ds50, of the bed surface and its fractional composition, fi, could, thus, be 
assessed throughout each run. In this regard, Figures 7(a) and (b) show the variation in ds50 
sizes for the uni-modal (UM) and bimodal (BM) sediment mixtures, respectively, over the 
duration of the HY1_1a – 1c hydrographs (Figure 6 and Table 2). Corresponding values of 
the db50, obtained from the bed-load samples collected in the sediment trap, are also shown 
for comparison purposes. For all experimental runs, the initial ds50 measurements were 
significantly larger than the median grain size (d50 = 5.0 mm) for both UM and BM design 
mixtures. This indicates that sediment placement within the flume bed and/or sub-threshold, 
antecedent flow conditions led to a general coarsening of the bed surface layer prior to the 
onset of bed-load transport under the specific flow hydrographs. Similar findings were also 
obtained from the experimental study of Mao et al. (2010), where image-derived bed surface 
median grain sizes were generally coarser than d50 sizes for the original sediment mixtures 
tested.  The mechanisms for this initial bed surface coarsening clearly depend on bed grading 
and, specifically, the ability of finer fractions at the surface to progressively migrate into 
deeper subsurface pore space within the gravel mixture (e.g., Wilcock et al., 2001; Wilcock 
and Crowe, 2003), leading to the formation of a coarsened or armored surface layer (e.g., 
Wilcock and DeTemple, 2005). 
 
After this initial bed surface coarsening, subsequent variations in ds50 values due to sediment 
transport during the hydrograph flow are shown to either reduce monotonically, indicating 
bed surface fining (Figures 7a-1, b-1, and b-2), or remain relatively unchanged (Figures 7a-2, 
a-3, and b-3). It appears that this surface fining effect is most apparent for both UM and BM 
mixtures under hydrographs with shorter rising limbs (i.e.  < 1, Figures 7a-1, b-1), 
compared to those with longer rising limbs (i.e.  > 1, Figures 7a-3, b-3), where overall 
fining or coarsening of the bed surface is marginal over the duration of the hydrograph. This 
variability in median bed surface grain size, ds50, is also reflected by temporal changes in the 
measured proportionality coefficients, fi, for the fine, medium, and coarse size classes present 
in the bed surface layer (Figure 8). In general, for runs with overall reductions in ds50 values 
(i.e. surface fining), fi values for the coarse and fine classes were shown typically to reduce 
and increase, respectively, over the same duration (see Figure 8a-1, 8b-1, and 8b-2). For the 
other runs showing little variation in ds50 values, fi values also tended remain relatively 
constant. 
 
It is informative to compare the ds50 values measured in the bed surface layer with 
corresponding db50 values obtained from sediment trap bed-load samples. As expected, db50 
was generally lower than ds50 throughout the hydrograph duration in all tests, although no 
clear relationship was demonstrated between these median values in any run. In comparison 
to the relatively minor changes observed in the ds50 values, corresponding distributions of db50 
values showed strong variability over the hydrographs, with distinctive periods of increasing 
and decreasing db50 during the rising and receding limbs, respectively.  
 
4.2 Temporal Variation in Bed-load Transport 
Figure 9 presents temporal variations in the normalized bed-load transport rates, qb
*
, for the 
predefined fine, medium, and coarse fractions of the UM and BM sediment mixtures (see 
Table 1) over the duration of the hydrographs with different  values (i.e. HY1_1a – c, 
Figure 6a and Table 2). For the UM sediment mixture (Figure 9a), the results indicated that 
total transport rates, qb
*
, typically reached their peak value after peak flow conditions had 
been attained in the flume (i.e. during the receding hydrograph limb). In relation to fractional 
transport rates, the coarse and medium size classes were found to typically attain their peak 
qbi
*
 values either on the rising hydrograph limb or around peak flow conditions, while peak 
qbi
*
 values for the fine size class were typically attained during the receding limb. This 
fraction-dependent temporal lag is clearly shown in the symmetrical hydrograph run ( = 1, 
Figure 9a-1), where peak qbi
*
 values for the coarse, medium, and fine size classes were 
attained at t
*
 = 34918, 42480 and 50041, respectively (with the peak flow rate Q
*
 occurring at 
t
*
 = 45368). Similar total and fractional temporal lag effects were observed for the BM 
sediment runs (Figure 9b), with peak qbi
*
 values for the coarse and fine size classes again 
typically attained on the rising and receding limbs. Indeed, for the range of flow hydrographs 
(and sediment mixtures) tested, the normalized temporal lag t* between peak qbi
*
 values for 
the coarse and fine size classes was either t* = 7562 or 15124, based on the 10 minute bed-
load sampling frequency employed in all runs. 
 
Comparing the magnitude of qb
*
 and qbi
*
 values attained for the UM and BM sediments 
(Figures 9a and b, respectively), it is interesting to note that peak values of the total transport 
rate, qb
*
,were typically higher for BM sediment compared to UM sediment runs. Similarly, 
larger peak qbi
*
 values were also typically obtained for the coarse and fine size classes within 
the BM sediment runs, whilst corresponding peak qbi
*
 values for the medium size class are 
broadly equivalent in both UM and BM runs. 
The influence of hydrograph unsteadiness, HG, and total water work, Wk, on qb
*
 and qbi
*
 
values is shown in Figure 10 for runs conducted with BM sediment under symmetrical 
hydrographs of varying magnitude (i.e. HY1_2a – d, Figure 6b and Table 2). As with Figure 
9, peak values of the total transport rate, qb
*
, tended to occur consistently on the receding 
hydrograph limb, indicating a pronounced lag between peak flow rates and bed-load transport 
rates. In addition, the observed temporal lag between peak fractional, qbi
*
, values for the 
coarse and fine size classes was again observed to be t* = 7562 or 15124 (i.e. one or two 
sampling periods). It is also apparent from Figure 10 that measured total and fractional bed-
load transport rates generally reduced with peak flow rate, Qpeak (i.e. reducing HG and Wk 
values, Figure 10a  d). In addition, measured qbi
*
 values for the fine sediment class were 
typically an order of magnitude higher than corresponding qbi
*
 values for both the medium 
and coarse size classes, in accord with the BM sediment runs conducted under hydrographs 
with varying  (Figure 9b).  
 
Clearly, some level of uncertainty is associated with the specific values of qb
*
 and qbi
*
 
presented in Figures 8 – 10 due, for example, to averaging processes associated with the trap 
sampling procedure (e.g., trap width and sampling time). Analysis and evaluation of this 
uncertainty would require a statistically-significant number of repeat runs to be conducted for 
each individual experimental condition, which is beyond the scope of the current study. 
 
4.3 Fractional Bed-load Mobility 
It has previously been shown in graded sediment beds that hiding effects for smaller particles 
and the protrusion of coarser grains have significant influence on the magnitude of fractional 
bed-load transport, and the temporal lag effects between different fractions, when compared 
to corresponding transport rates for uniform or quasi-uniform sediments (e.g. Einstein, 1950; 
Parker and Klingeman, 1982; Komar, 1987a, 1987b; Wilcock, 1993; Wu et al., 2000; 
Shvidchenko et al., 2001). It is, thus, important to establish how fractional mobility for the 
UM and BM sediment mixtures tested here may influence observed bed-load transport rates 
over the hydrograph flows considered. In this regard, the fractional bed-load mobility 
hypothesis developed by Parker and Klingeman (1982) can be adopted here, as follows: 
i
i
i
p
F
   (10) 
where pi and Fi represent the fractional proportions (by weight) in the collected bed-load 
sample and original design sediment mixture, respectively. This fractional mobility 
parameter, i, can, thus, be interpreted physically, as follows: (i) i = 1, corresponding to 
equal mobility for a particular grain size (i.e. equivalent proportions are present in the 
transported bed-load and graded sediment bed mixture); (ii) i > 1, representing enhanced 
transport mobility when compared to the proportion contained in the sediment bed mixture, 
possibly due to surface grain protrusion effects; and (iii) i < 1, representing reduced 
transport mobility compared to that anticipated from the proportion contained in sediment 
bed mixture, possibly due to grain hiding effects. 
 
Figure 11 presents the temporal variation in the fractional bed-load mobility parameter, i, 
for the UM (Figure 11a) and BM (Figure 11b) sediments under design hydrographs with 
variable  (i.e. HY1_1a – c, Figure 6a and Table 2). Although there is considerable scatter in 
the plotted data, a general trend was observed for the coarse size class in both UM and BM 
sediment mixtures whereby i values typically increased during the rising hydrograph limb 
before reducing significantly during the receding limb. The main difference in the fractional 
mobility of the coarse fraction within each sediment mixture was the relative magnitude of i 
values attained over the hydrographs, with i values up to 1.4 (i.e. enhanced mobility, Figure 
11a-2) observed for the UM sediment during the rising limb and peak flow regions. By 
contrast for the BM sediment, corresponding values of i  1 were obtained throughout the 
hydrographs, indicating generally reduced mobility. Corresponding fractional mobility, i, 
values for the finer size class also indicted distinct trends for both UM and BM sediments. 
Values of i < 1 (i.e. reduced mobility) were typically attained during the rising hydrograph 
limbs, with i values also often shown to reduce as flow rate increased. Towards the end of 
the rising limb and/or around peak flow, i values for both sediment mixtures began to 
increase, initially towards equal mobility conditions (i.e. i = 1), and subsequently to i > 1 
values (up to 2.1, see Figures 11a-1, a-3, and b-2) during the latter stages of the receding 
hydrograph limb, indicating significantly enhanced mobility in this region. In contrast to 
these strongly-defined (and largely opposite) fractional mobility trends for the coarse and fine 
size classes, i values for the medium size class were shown to remain relatively consistent 
over the hydrograph duration. These values typically ranged between i = 1.0 – 1.5 and 1.0 – 
1.7 for the UM and BM sediments, respectively, hence indicating generally enhanced 
mobility (i.e. i > 1). Similar plots of fractional mobility for the design hydrographs with 
varying HG and Wk (HY1_2a – c, Figure 6b and Table 2) were also found to largely reflect 
these magnitudes and variabilities in i values for the different size classes. 
 
The foregoing observations on fractional mobility are confirmed by the variations in db50 
values for bed-load samples measured throughout the HY1_1 hydrograph durations (see 
Figure 7). As these distributions consistently show increasing db50 values during the rising 
limb and decreasing db50 values during the receding limb, it is apparent that the mobility of 
larger grain sizes increases during the rising limb, while finer grain sizes become increasingly 
mobile during the receding limb, when the transport rate of larger size fractions reduces.  
 
5. Discussion  
The two graded sediment mixtures tested in the present study have been shown to 
demonstrate both analogous and divergent trends in their observed bed-load transport 
characteristics over the range of unsteady flow hydrographs tested. These specific trends 
were associated primarily with temporal variations in (i) bed surface properties (i.e. median 
surface grain size, ds50, and fractional composition, fi), (ii) total, qb
*
, and fractional, qbi
*
, bed-
load transport rates, and (iii) fractional bed-load mobility, i; as well as temporal lag effects 
between the unsteady flow hydrograph conditions and (total and fractional) sediment 
transport rates. Each of these issues is discussed in greater depth here. 
 5.1 Influence of Sediment Composition on Transport Behavior 
In order to investigate further the influence of sediment mixture composition on the observed 
fractional transport behavior, a relative transport yield parameter, i, can be defined to 
compare directly fractional bed-load yields, Wti, (over the hydrograph duration) for the UM 
and BM sediment beds (i.e. Wti,UM and Wti,BM), i.e. 
, ,
, ,
ti BM i UM
i
ti UM i BM
W F
W F
   (11) 
where Fi,UM and Fi,BM represent the original proportion of fraction i in the UM and BM 
mixtures, respectively. This transport yield parameter, i, therefore, compares the relative 
ease by which a particular fraction or size class is transported in each mixture, in relation to 
its fractional representation in the mixtures. In this regard, Figure 12a shows that i values for 
the fine, medium, and coarse size classes consistently exceed unity (with i up to 3.6) for the 
HY1_1 hydrograph runs (i.e. Figure 6a and Table 2). This indicates clearly that fractional 
transport yields from the BM sediment mixture are significantly in excess of corresponding 
yields obtained from the UM mixture under equivalent hydrograph flow conditions, implying 
that the UM sediment bed is inherently more stable than the BM bed. This was also inferred 
previously from the increased total, qb
*
, and fractional, qbi
*
, transport rates observed for BM 
sediment, compared to UM sediment (see Figure 9). The main difference between the two 
graded sediment mixtures was the depleted proportion of di = 5.15 mm and 7.15 mm size 
fractions in the BM mix, which were replaced by additional finer (di = 3.4 mm) and coarser 
(di = 9.0 mm) grades (see Figure 2). Hence, the fact that proportionately less sediment from 
the medium size class is transported from the UM graded bed compared to from the BM bed 
(i.e. i = 1.92 – 2.38, with Fi,UM/Fi,BM = 1.86) suggests that this specific material size acts to 
stabilize the UM sediment bed.  
 This stabilization effect can be examined by the application of a reference bed-load transport 
threshold to describe bed-load motion (i.e. Shvidchenko and Pender, 2000). If this threshold 
level is set, for example, at qb
*
 = 10
-4
, it can be demonstrated from Figure 9 that the 
corresponding Q
*
 values at which this transport threshold is reached are typically lower (Q
* 
1.12 – 1.24) for the BM sediment compared to the UM sediment (Q* 1.34 – 1.45). This 
suggests that higher normalized flow rates (i.e. corresponding to higher shear stress 
conditions) are required to attain this transport threshold for the UM sediment, again 
indicating more stable bed conditions. Similar fractional bed-load transport, qbi
*
, thresholds 
could also be applied directly to the fine, medium, and coarse size classes to again 
demonstrate the generally lower Q
*
 values required within the BM sediment runs to attain 
these transport thresholds. 
 
It is interesting to investigate the possibility that these bed stabilization effects may also be 
linked to absolute grain-size-related processes that can affect fractional sediment entrainment 
properties. Shvidchenko and Pender (2000) revealed a dependence on absolute grain size of 
the flow conditions required to reach a specific sediment transport intensity threshold for 
different sized uniform sediment beds. They found that relatively higher flow conditions (i.e. 
shear stresses) were required for d = 5 mm particles, compared to both finer and coarser 
grains. In another study, Saadi (2008) ran antecedent (steady) flow conditions to observe the 
stability development of a bimodal sediment mixture, with d = 4 mm particles shown to be 
intrinsically more stable than other grain sizes, based on the analysis of critical shear stresses. 
Within the current study, these absolute grain-size-related effects can be investigated by 
comparing i values for individual size fraction constituents of the UM and BM sediment 
mixtures, tested under the equivalent steady (ES) flow conditions (Table 2). Figure 12b 
shows that i  1 (up to 6.8) typically across the range size fractions, with i < 1 observed 
only for the coarsest fraction (di = 14.6 mm). However, for the di = 5.15 and 7.15 mm 
fractions significantly depleted in the BM sediment bed (i.e. Fi,UM/Fi,BM  1.92 and 1.80), i  
1.4 and 2.3, respectively, indicating that the fractional transport yields from BM sediment bed 
were  about 73% and 130% of the equivalent fractional yields from the UM bed. This again 
highlights the stabilizing influence of these medium-sized fractions in the UM sediment bed. 
  
Physical explanations for these stabilization and absolute grain size effects remain unclear, 
but may speculatively be related to (i) the specific nature of flow-particle interactions that 
result in the entrainment of different sized grains from a graded bed surface, and/or (ii) 
differences in the packing arrangements between bimodal and uni-modal beds that make the 
former more susceptible to erosion. 
 
5.2 Influence of Hydrograph Characteristics on Transport Behavior 
Results from the study have indicated a strong influence from the hydrograph flow conditions 
(defined by HG, , and Wk) on (i) bed-load composition and mobility (i.e. db50 and i), and 
(ii) total, qb
*, and fractional, qbi
*, bed-load transport rates. Many of these sediment transport 
related parameters were also shown to vary significantly between the rising and receding 
limbs of the hydrograph. In particular, while bed surface composition (i.e. ds50 and fi, Figures 
7 and 8) tended to become finer or remain consistent over the hydrograph duration, bed-load 
composition (i.e. db50, Figure 7) typically coarsened over the rising limb and became finer 
over the receding limb. This generally corresponded to the increased mobility of coarser size 
classes during the rising limb and increased finer size class mobility during the receding limb. 
The reason that these distinct compositional changes in bed-load are not reflected in the 
observed changes to bed surface composition may be two-fold. Firstly, the sample bed area 
(0.2  0.15 m) on which the surface layer composition was calculated using the Sedimetrics 
image analysis technique was, by necessity, relatively small. Hence, if the bed-load 
composition entering this area is largely similar to the composition leaving it, then strong 
changes in the bed surface layer composition may not be observed. Secondly, although 
calibration of the Sedimetrics bed imaging technique against directly collected bed samples 
was reasonable for both UM and BM mixtures (Figure 5), there were significant doubts over 
the accuracy of this visualization technique under conditions of general bed motion. 
 
The specific influence of flow conditions during the rising and receding limbs on both the 
total and fractional bed-load transport rates can also be further investigated through definition 
of relative transport yield ratios, i.e. 
,
,
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where subscripts r and f refer to the transport yields measured over the duration of the rising 
and receding limbs, respectively. Figure 13 shows total, , and fractional, i, yield ratios 
plotted against the hydrograph flow parameters  and HG. It is apparent from Figures 13a – c 
that  and i values increase monotonically with increasing , indicating that relatively longer 
duration rising limbs (i.e.  > 1) result in larger proportions of the UM and BM bed-load 
yields being transported during the rising limbs. More generally, the results suggest that 
overall proportions of bed-load yields transported during either the rising or receding limbs 
depend largely on their respective durations.  
 
Comparing  and i values for the UM and BM sediment mixtures, it is also clear that the 
UM sediment bed was relatively more active during the rising limb (i.e. higher  and i 
values) compared to the BM bed. It is suggested here that this may have been due partly to 
the larger fractional proportion of fine size class sediment in the BM mixture (Fi ~ 0.39) than 
in the UM mixture (Fi ~ 0.30), which was typically shown to have increased mobility i 
during the receding hydrograph limb (Figure 11). This may also be reflected, to some extent, 
by the runs in which bed surface composition was shown to become finer over the 
hydrograph duration (albeit, this was not a universal effect). Overall, however, it is 
anticipated that these temporally-varying, bed-load mobility effects will be strongly 
associated with changes in bed composition and structure (i.e. fractional availability, grain 
hiding, and protrusion effects) prior to and during the hydrograph events. This topic, in 
particular, therefore, warrants further investigation. 
 
Additionally, the influence of hydrograph unsteadiness, HG, on the total, , and fractional, i, 
yield ratios is shown in Figure 13d.  This plot again shows a monotonic increase in both  
and i values for BM sediment runs as HG increases, suggesting that flashier hydrographs 
(i.e. shorter duration events with increased peak flows) result in increasing proportions of the 
overall sediment yield being transported on the rising limb. However, it is noted from Figure 
13d that the vast majority of  and i values lie below unity, with larger sediment yields, thus, 
obtained during the receding flow conditions. This may suggest that hydrographs of higher 
unsteadiness are likely to initiate general bed-load transport earlier in the unsteady flow event 
under lower flow (and shear stress) conditions. Such a hypothesis appears to be reflected by 
the observed magnitude and variability of transport rates, qb
*, for the BM sediment runs over 
the rising limbs of the HY1_2 hydrographs (Figure 10). These plots indicate that a prescribed 
transport rate, qb
*, threshold can be attained under lower Q* flows when HG is increased. 
These findings are generally concur with the study of Kuhnle (1992) based on sediment 
transport measurements in two small natural streams. Here, bed-load transport rates were 
typically found to be larger during the rising limb of high magnitude hydrograph events, 
while for lower magnitude hydrograph events, one stream demonstrated the opposite trend. 
 
Finally, Figures 13b – d also indicated strongly that, for any given hydrograph asymmetry, , 
or unsteadiness, HG, i values measured for the coarse size class consistently exceeded 
corresponding i values obtained for the medium size class, which in turn were greater than 
the i values for the fine size class. This suggests that while the coarser particles are more 
often preferentially transported during the rising hydrograph limb than the receding limb (i.e. 
i > 1), the fine size class is more often preferentially transported during the receding limb 
(i.e. i < 1). When combined with the previously observed variability in temporal lag effects 
for these different size classes, this clearly reveals a strong size-dependency in the fractional 
response of graded sediment beds, and resulting bed-load transport, to unsteady flow 
hydrographs. 
 
5.3 Comparisons with Equivalent Steady (ES) Flow 
The relative influence of hydrograph flow parameters (, HG, and Wk) on the overall UM 
and BM sediment yields obtained over the hydrograph durations are shown in Figures 14a 
and b. It is apparent from these plots that the influence of shape  (Figure 14a) is 
significantly lower than both HG and Wk, where sediment yields increase significantly as 
both HG and Wk increase. (Figure 14b, BM only). It should be re-iterated at this stage that the 
magnitude and unsteadiness of hydrograph events will be independent of each other in nature 
and, thus, the influence of both hydrograph unsteadiness, HG, and total water work, Wk, on 
sediment transport should be considered independently. However, it is also acknowledged 
that the limitation of the parametric conditions considered in this study meant that the 
independent influence of HG and Wk on sediment yield, Wt
*, was not directly assessed. It is 
hypothesized here that Wt
* values would be expected to increase with independent increases 
in HG or Wk. Clearly larger magnitude hydrograph events (i.e. higher water work, Wk, for 
fixed unsteadiness, HG) or events that are flashier in nature (i.e. higher unsteadiness, HG, for 
fixed water work, Wk), would be expected to transport more sediment than lower magnitude 
or less unsteady hydrograph events. In this sense, comparing the total bed-load transport 
yields obtained for the UM and BM sediments over the HY1_1 hydrograph conditions with 
the corresponding yields obtained under equivalent, steady (ES) flow conditions (see Table 2) 
reveals the limit of the effect of flow unsteadiness, HG, on bed-load transport. When 
considered over the same duration as the HY1_1 hydrographs (i.e. equivalent Wk , Table 2), 
Figure 14c shows clearly that the total sediment yields obtained under the ES flow condition 
are substantially lower (up to an order of magnitude) for both UM and BM mixtures than 
under the HY1_1 hydrographs, in agreement with the foregoing hypothesis. 
 
The findings from the current study also serve to highlight the significant difficulties 
experienced in predicting sediment transport rates and/or yields within natural streams and 
rivers that are subject to a wide range of unsteady flow hydrograph events of different 
magnitudes and unsteadiness. Further progress in this area, therefore, requires (i) improved 
understanding of the temporal response of gravel beds at field scales to specific types or 
combinations of flood events, and (ii) the inclusion of a wider range of unsteady flow 
parameters within graded sediment transport models tasked with providing predictions of 
these transport rates and yields. In this sense, many of the non-dimensional flow and transport 
parameters utilized in the current study provide a useful starting point for the assessment of 
interactions between unsteady flow hydrographs and temporally-varying bed surface 
properties and sediment transport processes at field prototype scales. 
 6 Conclusions 
Two different graded sediment mixtures were tested to investigate the influence of unsteady 
flow hydrographs on the temporal variations in bed-load sediment transport rates, bed surface 
composition, and relative fractional mobility of the different size classes contained within the 
mixtures. Analysis of total and fractional transport rates from bed-load samples collected 
throughout the hydrographs revealed that the coarser size class (d > 8.0 mm) had increased 
mobility during the rising hydrograph limb and tended to attain the peak fractional transport 
rate before (or close to) peak flow conditions being reached. By contrast, the fine size class (d 
< 4.0 mm) tended to have increased mobility during the receding limb and typically attained 
its peak transport rate subsequent to the peak flow. Corresponding temporal variations in (i) 
the median grain size, db50, for the transported bed-load, and (ii) the fractional mobility, i, 
parameter, also demonstrated that the bed-load typically coarsened over the rising limb, 
before becoming finer again during the receding limb. By contrast, the bed surface 
composition was found either to become slightly finer over the duration of the hydrograph or 
remain essentially unchanged.     
 
The influence of hydrograph characteristics on these sediment transport and bed properties 
was investigated by varying defined, non-dimensional shape (asymmetry), , unsteadiness, 
HG, and total water work, Wk, parameters. These were shown to have a strong influence on 
the relative total and fractional transport yields that were attained during the rising and 
receding hydrograph limbs. Results indicated that increased transport yields were typically 
obtained during the rising limb when hydrograph magnitude, Wk, and/or unsteadiness, HG, 
were increased. It was suggested that this may result from specific transport, qb
*, threshold 
rates being reached earlier and under lower flow conditions for hydrograph events with 
higher Wk and HG values, compared to lower magnitude, less unsteady hydrographs. 
 
Experimental results also indicated that the bimodal (BM) sediment mixture was less stable 
than the uni-modal (UM) mixture under equivalent hydrograph flow conditions, resulting in 
higher overall transport rates and yields. In this respect, the medium size class (d = 4 – 8 mm) 
was found to be crucial to bed stabilization; hence, the relative depletion of this size class in 
the BM sediment bed (Fi = 0.22), compared to its relative abundance in the UM sediment bed 
(Fi = 0.41), was thought to be significant to the increased transport rates and yields observed.  
 
The findings from this study have significant benefits for improved understanding of 
sediment transport processes arising from natural stream and river beds with different gravel 
size distributions and grading characteristics (i.e. uni-modal or bimodal) that are subjected to 
a wide range of unsteady flow conditions. In particular, enhanced knowledge of the specific 
parametric dependences of unsteady flow hydrograph events on graded sediment transport 
and bed properties is clearly essential to improve predictive capabilities of the resulting 
temporal variations in bed surface composition, fractional mobility, and sediment transport 
rates and yields.  
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Figure Captions 
Figure 1: Schematic representation of experimental flume set-up. 
Figure 2: Grain size distributions for (a) uni-modal (UM) and (b) bimodal (BM) graded 
sediment mixtures. 
Figure 3: (a) Photograph showing the bed-load sediment trap positioned beneath the flume, 
and (b) schematic diagram of the bed-load sediment trap arrangement.  
Figure 4: (a) High-resolution image of the in-situ bed surface layer (BM sediment), and (b) 
processed image by Sedimetrics for determination of grain size distribution on the bed 
surface. 
Figure 5: Comparison of grain size distributions from the Sedimetrics image analysis 
technique and direct bed sampling.  
Figure 6: Design hydrographs used in study (a) HY1_1 (variable asymmetry, , constant 
unstreadiness, HG, and total water work, Wk, Table 2); and (b) HY1_2 (constant ,  
variable HG and Wk, Table 2). 
Figure 7: Temporal variation in median grain sizes of the bed surface layer ds50 and bed-load 
transport db50 for (a) UM sediment runs, and (b) BM sediment runs with HY1_1 
hydrograph conditions (see Table 2). Hydrograph flow Q profile shown for 
comparative purposes. 
Figure 8: Temporal variation in the proportionality coefficients, fi, of fine, medium, and 
coarse size classes present in the bed surface layer for (a) UM sediment runs, and (b) 
BM sediment runs with HY1_1 hydrograph conditions (see Table 2). Normalized 
hydrograph flow, Q
*
, distribution shown for comparative purposes. 
Figure 9: Temporal variation in normalized total qb
*
 and fractional qbi
*
 bed-load transport 
rates for (a) UM sediment runs and (b) BM sediment runs with HY1_1 hydrograph 
conditions (see Table 2). Normalized hydrograph flow Q
*
 distribution shown for 
comparative purposes. 
Figure 10: Temporal variation in normalized total, qb
*
, and fractional, qbi
*
, bed-load transport 
rates for BM sediment runs with HY1_2 hydrograph conditions (see Table 2).  
Figure 11: Temporal variation in bed-load mobility parameter, i, for (a) UM and (b) BM 
sediment runs with HY1_1 hydrograph conditions (see Table 2).  
Figure 12: Variation of fractional bed-load yield ratios, i, for BM and UM sediment 
mixtures for (a) HY1_1 hydrograph flow conditions (i.e. varying ) and (b) individual 
sediment fraction sizes d (mm) under equivalent steady (ES) flow conditions (see Table 
2).  
Figure 13: Variation of relative transport yield ratios,  and i, for UM and BM sediment 
mixtures under (a) – (c) varying hydrograph shape, , and (d) varying unsteadiness, 
HG.  
Figure 14: Variation in normalized bed-load yields, Wt
*
, for UM and BM sediments with (a) 
hydrograph shape, , (b) unsteadiness, HG, and water work, Wk. Part (c) compares 
yields obtained with the HY1_1 hydrographs and equivalent steady (ES) flow 
conditions (Table 2). 
 
Table Captions 
Table 1: Main grain size characteristics and size classifications for the design sediment 
mixtures. 
Table 2: Main experimental variables and derived parameters describing the unsteady flow 
hydrograph characteristics. 
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Table 1 
Design 
Mixture 
Grain Size (mm) 
g
Size classes (mm) 
d16 d50 d84 d90 Fine Medium Coarse 
UM 2.54 5.0 9.08 10.67 1.89 1.0 – 4.0 4.0 – 8.0 > 8.0 
BM 2.46 5.0 8.77 9.77 1.89 1.0 – 4.0 4.0 – 8.0 > 8.0 
 
 
  
Table 2 
Run No. 
Q0   
(l s
-1
) 
Qpeak  
(l s
-1
) 
h0 
(m) 
hp 
(m) 
u*b 
(m s
-1
) 
Th 
(s) 
Tr 
(s) 
Tf 
(s) 
Vh
 +
 
(m
3
) 
HG Wk 
HY1_1a
1,2
 8.0 18.0 0.046 0.080 0.0535 7200 3600 3600 39.26 8.82E-05 392.80 1.00 
HY1_1b
1,2
 8.0 18.0 0.046 0.080 0.0535 7200 2058 5142 39.26 8.82E-05 392.80 0.40 
HY1_1c
1,2
 8.0 18.0 0.046 0.080 0.0535 7200 5142 2058 39.26 8.82E-05 392.80 2.50 
HY1_2a
2
 8.0 18.0 0.046 0.080 0.0535 7200 3600 3600 39.26 8.82E-05 392.80 1.00 
HY1_2b
2
 8.0 16.0 0.046 0.074 0.0535 7740 3870 3870 33.82 6.76E-05 338.38 1.00 
HY1_2c
2
 8.0 15.0 0.046 0.071 0.0535 8100 4050 4050 31.00 5.76E-05 310.23 1.00 
HY1_2d
2
 8.0 14.0 0.046 0.068 0.0535 8460 4230 4230 27.80 4.86E-05 278.18 1.00 
ES
1,2
 8.0 13.45 0.046 0.065 0.0535 7200 - - 39.26 -  392.80 -  
1 Uni-modal (UM) sediment mixture; 2 bimodal (BM) sediment mixture (see Figure 2, Table 1). 
+ Total hydrograph volumes excluding base (antecedent) flow contribution. 
 
 
 
